Introduction
Sulfotransferases (Sults) comprise a group of phase-II biotransformation enzymes that are responsible for the sulfonation of a wide range of molecules, ranging from endogenous neurotransmitters and hormones to xenobiotics. Sulfonation is a conjugation reaction that transfers a sulfonate group (SO 3 -) from the universal sulfonate donor 3′-phosphoadenosine 5′-phosphosulfate (PAPS) to a substrate. Sult proteins have 2 active sites, one for the sulfate donor (PAPS), and the other for the acceptor substrate (Chapman et al., 2004) . PAPS is formed from dietary inorganic sulfate and ATP by the action of 2 enzymes, ATP-sulfurylase and APS-kinase. In mammals, the 2 enzyme activities are contained within one bifunctional protein, termed PAPS synthase (PAPSs). Two PAPSs isoenzymes have been cloned from humans (ul Haque et al., 1998) and mice (Kurima et al., 1998) , namely PAPSs1, and PAPSs2. The 2 isoenzymes differ in their tissue distribution and catalytic activity (Rosenthal and Leustek, 1995; Strott, 2002) .
Sulfonation markedly increases the water solubility of compounds, and therefore accelerates their urinary and biliary excretion (detoxification). However, the formation of unstable sulfo conjugates can yield electrophilic cations that react with DNA and other cellular nucleophiles (Glatt, 2000) . This is responsible for the bioactivation of some carcinogens and mutagens (Watabe et al., 1987; Wu et al., 2001 ).
Based on their subcellular localization, sulfotransferases can be classified into 2 main classes: cytosolic that exist as free proteins in the cytosol, and membrane-associated proteins that are bound to walls of the Golgi apparatus. Membrane-associated sulfotransferases are involved in post-translational modification of macromolecules, such as carbohydrates, lipids, and proteins. Cytosolic sulfotransferases are responsible for the sulfonation of small endogenous and exogenous compounds. Therefore, the cytosolic sulfotransferases represent the class relevant to xenobiotic metabolism and disposition (Matsui and Homma, 1994) . Cytosolic sulfotransferases (Sults) are divided into 5 families with ~40% similarity in amino acid sequences: Sult 1, 2, 3, 4, and 5; with subfamilies within each family, according to their DNA sequence resemblance. The Sult1 and 2 families have substrate specificity to phenolic and hydroxysteroid compounds, respectively (Strott, 2002) . The Sult3 enzymes catalyze the formation of sulfamates, whereas substrates for Sult 4 and 5 families have not been adequately characterized (Strott, 2002) .
Because of the importance of Sults to xenobiotic metabolism, carcinogenesis, and hormone regulation, understanding the mechanisms responsible for their gene regulation enzymes have led to the discovery of several ligand-activated transcription factor pathways involved in the induction of CYPs (Wang and Negishi, 2003) . Examples of these transcription factors are: aromatic hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), pregnane X receptor (PXR), peroxisome proliferator activated receptor α (PPARα ), and NF-E2 related factor 2 (Nrf2). These transcription factors may overlap in their target genes and their activating ligands (Handschin and Meyer, 2003; Numazawa and Yoshida, 2004) .
Several reports have addressed the regulation of Sults expression by various transcription factors and/or their activators. Expression of Sults has been reported to be regulated through CAR (Saini et al., 2004) , PXR (Sonoda et al., 2002) , PPARα (Fan et al., 2004) , VDR (Echchgadda et al., 2004b) , FXR (Song et al., 2001) , and glucocorticoid receptors (GR) (Fang et al., 2003) . In many occasions, these reports present controversial results regarding the regulation of Sults expression by various transcription factors and their activators.
The goal of the present study is to examine the regulation of 11 Sults and 2
PAPSs enzymes by 5 groups of prototypical MEIs in male and female mice. These 5 groups represent common ligand-activated transcription factor pathways known to be involved in the induction of CYP enzymes, and comprise AhR, PXR, CAR, PPARα, and Nrf2 activators.
Materials and Methods
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The Sult2a1 and 2a2 isoforms are 96% similar; therefore the probes designed do not differentiate between the 2 isoforms. It has been suggested that mouse Sult2a1 and 2a2 are alleles of the same gene (Rikke and Roy, 1996) . Therefore, our bDNA probe is referred to as Sult2a1/2a2. Sult2a2 is rarely referred to in the literature. Actually, we found many reports addressing Sult2a1 expression regulation using non-specific primers or probes, which detect both Sult2a1 and 2a2 (Assem et al., 2004; Kim et al., 2004) , or using Sult2a2 primers and refer to it as Sult2a1 (Echchgadda et al., 2004a) .
Total RNA (1 µg/µl; 10 µl/well) was added to each well of a 96-well plate containing 100 µl of each diluted probe set. RNA was allowed to hybridize with the probe sets overnight at 53 ºC. Subsequent hybridization steps were carried out according to the manufacturer's protocol, and luminescence was quantified with a Quantiplex 320 bDNA luminometer interfaced with Quantiplex Data Management software v5.02. Data are presented as relative light units (RLU) per 10 µg of total RNA.
In Silico Analysis. 10-kb upstream of the start codon for each gene were analyzed to search for putative binding sites of the 5 transcription factors. Putative binding sites specific for each transcription factor are listed in Table 2 . These potential binding sites were identified using NHR-scan (Sandelin and Wasserman, 2005) . The sequences "RTGAYnnnGC" and "GCGTGMS" were used for the xenobiotic response element (XRE) and antioxident response element (ARE), respectively, and were identified using manual sequence alignment.
Statistical Analysis. Data were analyzed by ANOVA followed by Duncan's post hoc test. Gender differences were determined using student's t test. Statistical significance was set at p ≤ 0.05. Bars represent Mean ± SEM.
Results
The regulation of Sult1a1, 1b1, and 1c1 mRNA by the 5 groups of MEIs in male mice is shown in Figure 1 . In general, Sult1a1, 1b1, and 1c1 mRNA expression is not affected by all 3 inducers in any of the 5 classes. Sult 1a1 mRNA is markedly suppressed by one of the AhR ligands (TCDD), and induced by one of the Nrf2 activators (BHA).
Sult1b1 mRNA is slightly induced by one PXR ligand (SPR) and 2 of the Nrf2 activators (OPZ, EXQ). Sult1c1 is only induced by the Nrf2 activator (BHA).
The regulation of Sult1c2, 1d1, and 1e1 mRNA by the 5 groups of microsomal inducers in male mice is shown in Figure 2 . Basal expression of Sult1c2 mRNA is not detected in livers of male mice. However, Sult1c2 mRNA seems to be induced by one Nrf2 activator (EXQ). Sult1d1 mRNA is induced by one PXR (DEX), CAR (TCPOBOP) and Nrf2 (BHA) activator. The basal expression of Sult1e1 mRNA in liver is very low in both male and female mice. However, the mRNA expression of Sult1e1 is induced by 2 PXR, and 1 Nrf2 activators, but most markedly (more than 100 fold) by
DEX (PXR ligand).
Sult 2a1/2a2, 2b1, and 3a1 mRNA regulation by MEIs in male mice is shown in Figure 3 . The basal expression of all 3 isozymes is very low in liver of male mice.
Neither Sult 2a1/2a2 nor 2b1 mRNA was affected by any of the microsomal enzyme inducers. Sult3a1 mRNA, however, is induced by 1 CAR activator (DAS), 1 PXR ligand (SPR), and 2 Nrf 2 activators (EXQ, BHA). Figure 4 shows the regulation of Sult4a1 and 5a1 mRNA in male mice by MEIs.
The basal expression of Sult 4a1 mRNA is very low in livers of male mice, which is known (Sakakibara et al., 2002) , and was not affected by any of the inducers. In contrast, The regulation of Sult1c2, 1d1, and 1e1 mRNA by the prototypes of the 5 groups of MEIs in male and female mice is shown in Figure 7 . Sult1c2 mRNA expression was suppressed by TCDD, PCN, CLOF, and OPZ and induced by TCPOBOP in female mice, whereas it was not affected by any of the 5 inducers in male mice. Sult1d1 mRNA expression is suppressed by TCDD, and induced by TCPOBOP and OPZ in female mice, whereas it was only induced by TCPOBOP in male mice. Sult1e1 mRNA expression was suppressed by TCDD and CLOF, and induced by TCPOBOP in female mice. Figure 8 shows the regulation of Sult2a1/2a2, 2b1, and 3a1 mRNA expression in male and female mice. Sult2a1/2a2 mRNA expression is induced by TCPOBOP and PCN in female mice, whereas it was not affected by any of the five inducers in male mice. Sult2b1 mRNA expression was induced by the CAR activator TCPOBOP female mice, but was not affected by any inducer in males. In female mice, Sult3a1 mRNA was suppressed by TCDD, whereas it was induced by TCPOBOP.
The mRNA regulation of Sult4a1 and 5a1 is shown in Figure 9 . by TCDD and increased by TCPOBOP and PCN, whereas it was induced by PCN and CLOF in male mice. Table 3 summarizes the effect of all 15 microsomal inducers on all 11 Sults and 2 PAPSs isoenzymes in both male and female mice. Table 4 shows that Sult genes have putative binding consensuses for some of the transcription factors. This provides further evidence of the possible regulation of these Sult isoforms by the various transcription factors.
Discussion
Induction of phase-I metabolizing enzymes, especially CYPs, and the resulting metabolic activation/deactivation of xenobiotics has been well characterized. The unfavorable effects of metabolic activation of xenobiotics are often neutralized by conjugation during phase-II metabolism. Therefore, it is important to understand the effect of typical phase-I enzyme inducers on phase-II enzymes. Sults represent a large group of phase-II metabolizing enzymes. Therefore, we studied the influence of 15 prototypical microsomal metabolizing enzyme inducers, which are known to induce phase-I enzymes by activating 5 distinct transcription factors (3 inducers in each group), on the mRNA expression of Sults (11 isoenzymes) and PAPSs (2 isoenzymes) in male mice. Also, the influence of 1 representative microsomal metabolizing enzyme inducer, which belongs to each transcription pathway, on the mRNA expression of the same enzymes in female mice was examined. Table 3 summarizes the effect of the various
MEIs on the mRNA expression of Sults and PAPSs in male and female mice.
There are marked gender differences in the expression of Sults in mice. Most of the Sults have a higher expression in liver of female than in male mice (Alnouti and Klaassen, 2006a) . As summarized in Table 3 , 4 of the 6 members of Sult1 family, Sult2a1/2a2, Sult5a1, and PAPSs2 have higher expression in female than male mice. The only enzymes that have higher expression in males were Sult1c1, Sult4a1, and PAPSs1, which all have very low expression in liver.
AhR ligands appear to suppress the mRNA expression of many Sults in mice (Table 3) . In female mice, TCDD suppressed the mRNA expression of all Sult1 enzymes (a1, b1, c1, c2, d1, and e1) (Fig 6, 7) , Sult3a1 (Fig 8) , as well as PAPSs2 (Fig 10) .
Sult5a1 is the only Sult induced by all AhR ligands in male mice (Fig 4) . In silico analysis revealed the presence of 2 potential XRE sites in the promoter region of Sult5a1.
It was previously reported that the expression of Sult1a1 and Sult2a1 is suppressed by AhR agonists, 3-methylcholanthrene (3MC) (Runge-Morris and Wilusz, 1994) and TCDD (Runge-Morris, 1998) in cultured rat hepatocytes. However, another study reported no influence of 3MC on rat Sult1a1, 2a1, and 1e1, in rats in vivo (Rushmore and Kong, 2002) . In cultured mouse hepatocytes, TCDD suppressed the expression of Sult1a1, but did not alter the expression of Sult2a1 (Runge-Morris and Kocarek, 2005).
Therefore, it can be concluded that AhR ligands are more likely to decrease rather than increase expression of Sults in rodents.
CAR activators did not affect the mRNA expression of Sults and PAPSs in male mice (Table 3 ). However, Sult1d1 (Fig 2) and 3a1 ( Fig 3) were induced by only one of the 3 CAR activators (TCPOBOP for Sult1d1, and DAS for 3a1). In female mice, the CAR activator (TCPOBOP) induces the expression of Sult1c2, 1d1, 1e1 (Fig 7) , 2a1/2a2, 2b1, 3a1 (Fig 8) , 4a1 (Fig 9) , and PAPSs2 (Fig 10) . Therefore, CAR is more likely to play a role in the up-regulation of Sults and PAPSs in female, but not in male mice. Table 4 provides further evidence that these genes might be regulated by CAR because they have at least 1 potential CAR binding site in their promoter regions.
CAR activators were reported to induce Sult1d1 in male rats (Runge-Morris et al., 1998); 1d1 in male mice (Garcia-Allan et al., 2000; Maglich et al., 2004) , and human hepatocytes (Maglich et al., 2002) ; 1e1 in male rats (Hellriegel et al., 1996) ; Sult2a1 in male mice (Assem et al., 2004; Maglich et al., 2004; Saini et al., 2004; Zhang et al., 2004 ) and female mice (Assem et al., 2004; Saini et al., 2004) ; and PAPSs2 in male mice (Ueda et al., 2002; Saini et al., 2004) . In contrast, CAR activators were previously reported to suppress or have no effect on 1a1 in male mice (Maglich et al., 2002; Maglich et al., 2004) shown that the basal expression of CAR is higher in female than male mice (Kawamoto et al., 2000) . Furthermore, the CAR activator (TCPOBOP) resulted in higher induction of the mRNA expression of Cyp2B10 (CAR target gene) in female than male rats (Ledda-Columbano et al., 2003) . This might explain the finding in the current manuscript that CAR activators do not appear to be strong inducers of Sults, especially in male mice, but are better inducers of Sults in female mice.
PXR appears to play a role in the induction of Sult1e1 (Fig 2) and PAPSs2 (Fig 5) in male mice. The strongest induction of all Sults by all 15 used MEIS was the induction of Sult1e1 by DEX. Because other PXR ligands do not produce similar effects, Sult1e1 induction by DEX may be mediated via other pathways such as the glucocorticoid receptor. In female mice, the PXR ligand PCN induces the mRNA expression of Sult2a1/2a2 (Fig 8) , 4a1 (Fig 9) , and PAPSs2 (Fig 10) , whereas it suppressed the mRNA expression of Sult1c2 (Fig 7) and Sult5a1 (Fig 9) . PXR ligands have been reported to induce the expression of Sult1a1 in female rats (Hartley et al., 2004) , male rats (Liu and Klaassen, 1996; Rushmore and Kong, 2002) , rats (Fang et al., 2003) ; 1b1 in female rats (Hartley et al., 2004) ; 1d1 and 1e1 in male mice (Sonoda et al., 2002) ; 2a1 in male rats (Liu and Klaassen, 1996; Runge-Morris et al., 1996; Rushmore and Kong, 2002) , male mice (Sonoda et al., 2002; Echchgadda et al., 2004a; Kim et al., 2004) , female mice (Sonoda et al., 2002) , and human hepatocytes (Duanmu et al., 2002) ; as well as PAPSs2 in male mice (Sonoda et al., 2002) . In contrast, PXR ligands were reported to have no influence on the expression of Sult1a1 in male mice (Maglich et al., 2002) , human hepatocytes (Duanmu et al., 2002) , male rats (Liu and Klaassen, 1996; Duanmu et al., 2001) , and female rats (Liu and Klaassen, 1996) ; 1c1 in male and female rats (Liu and Klaassen, 1996) ; 1d1 in male mice (Maglich et al., 2002) ; 1e1 in male and female rats (Liu and Klaassen, 1996) ; 2a1 in mice (Saini et al., 2004) , and male and female rats (Liu and Klaassen, 1996) ; and 2b1 in male mice (Maglich et al., 2002) . Thus, PXR ligands in general are not consistent inducers of Sults. However they cause marked induction of Sult1e1 in male, Sult2a1/2a2 in female, and PAPSs2 in both male and female mice. Table 4 provides further evidence of the regulation of these genes by PXR because they have at least 1 potential CAR binding site in their promoter regions.
PPARα ligands, in general, do not have marked effects on Sult enzymes; they tend to have no effects on the mRNA expression of Sults in male, but tend to suppress the expression of some Sult isoenzymes in female mice (Table 3 ). The PPARα activator (ciprofibrate) was reported to induce the expression of Sult2a1 in human hepatocytes, but not in rat hepatocytes (Fang et al., 2005) . However, PPARα was previously reported to suppress the expression of Sult1e1 in male and female mice (Fan et al., 2004) . In contrast, CLOF was reported to have no effect on the mRNA expression of Sult1a1, 1e1, and 2a1 in male rats (Rushmore and Kong, 2002) . Therefore, PPARα activators do not appear to produce marked effects on the expression of Sults in rodents.
At least one Nrf2 activator induces the mRNA expression of most Sult1 family isoenzymes in male mice (Table 3) . In female mice, the Nrf2 activator (OPZ) induces the mRNA expression of Sult1d1 (Fig 7) , and 4a1 (Fig 9) , whereas it suppresses the mRNA expression of Sult1c1 (Fig 6), 1c2 (Fig 7) , and 5a1 (Fig 9) . The regulation of Sults by Nrf2 activators has not been reported previously in any species. Table 4 Falany et al., 1994) . Therefore, the induction of Sult1e1 reported here, especially the ~ 100 fold induction by the PXR ligand (DEX), might increase endogenous and exogenous steroid detoxification.
The Sult2 family mainly conjugates hydroxysteroid-like compounds including androsterone, pregnenolone, dehydroepiandrosterone (DHEA), and bile acids (Strott, 2002) . In the Sult2 family, Sult2b1 mRNA expression is not affected by any inducer.
The basal level of Sult2a1/2a2 mRNA expression in livers of male mice is almost undetectable, in contrast to female mice, where Sult2a1/2a2 mRNA is the highest expressed Sult isoenzyme. Female rats also have higher expression of Sult2a1 than male rats (Dunn and Klaassen, 1998) . This is in agreement with Runge-Morris and coworkers report, where Sult2a1 mRNA was not detected in different mice strains, including the one used for this study (C57BL/6) by northern blotting (Wu et al., 2001 ). In the same report, the induction of Sult2a1 by DEX was observed in female but not in male mice; however induction occurred in both genders in rats. In this current study, we report a similar phenomenon, where the CAR activator (TCPOBOP) and the PXR ligand (PCN) induce Sult2a1/2a2 mRNA expression in female but not in male mice. Both mice and rats exhibit gender bias in basal expression of Sult2a1 toward females, but the extent of this gender difference is more prominent in mice (Runge-Morris and Wilusz, 1991; Wu et al., 2001 ). Furthermore, Sult2a1 expression is inducible by PXR activators in both male and female rats, whereas in mice it is induced only in females (Wu et al., 2001 ).
Regulation of Sult2a1 expression is the most studied Sult isoenzyme in different species, because of its important role in detoxification of bile acids. Sult2a1 expression was reported to be activated by CAR, PXR, and VDR transcription pathways (Sonoda et al., 2002; Echchgadda et al., 2004b; Saini et al., 2004) . We also report the induction of In fact, rifampicin, a PXR ligand in humans, has been reported to be useful in treating cholestasis, which might be in part due to Sult2a1 induction (Bachs et al., 1989; Cancado et al., 1998; Sonoda et al., 2002) . The higher expression of Sult2a1 in female than male mice is thought to contribute to the fact that female FXR-null mice are less susceptible to lithocholic acid toxicity than male mice (Sinal et al., 2000; Kitada et al., 2003; Zhang et al., 2004) . The present data indicates that not only is Sult2a1/2a2 mRNA expression higher in female mice, but also that CAR and PXR activators induce Sult2a1/2a2 in female mice only. This might imply an important role of CAR and PXR activators in further protecting female mice from secondary bile acid toxicity compared to males.
Very little is known about the regulation of Sult3, 4, and 5 families. The present study is the first to report the regulation of these Sult families by MEIs in mice. The basal expression of these Sults is very low in mouse liver except for Sult3a1, which is highly expressed in female livers. In male mice, the mRNA expression of Sult5a1 was induced by all AhR, 1 PXR, and 2 Nrf2 activators, whereas it was suppressed by PXR, PPARα, and Nrf2 activators in female mice.
PAPSs is responsible for the bioactivation of inorganic sulfate into PAPS, which is utilized by Sults to catalyze sulfonation of target compounds. Two PAPSs isoenzymes have been cloned from humans (ul Haque et al., 1998) 
